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ABSTRACT

A numerical-dynamic, tropical storm surge mod--

el, SLOSH, was developed for real-time forecast-
ing of -hurricane storm surges  on continental

shelves, across  inland water bodies, along .
coastlines, ‘and for inland routing of water——.
either  from the sea or from inland water bodies.
Overtopping 6f “barriers such as levees, dunes,
spoil banks, ete. is permitted. Also, channel

flow and flow through barrler cuts are enter-

tained. The model 1is two-dimensional, covering

water  bodies and inundated terrain. _ A curvi-
linear, polar coordinate grid scheme is used.

The model's equétions_ and its sub—grid scale
physics .are developed. These equations are.dis-—
cretized and applied to .the model's polar coordi-

nate system.  Attention must be paid to the.adap-
tation of the model to specific geographical loca- -
tions. The model's terrain and bathymetry must.
be specified, as well as a description of the’

sub-grid scale-features within the model.

The SLOSH model is run to simulate the flooding

caused by an individual hurricane. Since the mod-
el is de51gned for operatlonal forecasting. within

the National Weather ‘Service, the model' s input |
parameters which ‘describe the hurricane must be =
~ The hurri- .
cane's position, size and intensity all enter as

relatively “simple and predictable.
input for the model,
Verification ~runs of the SLOSH model are pre;

sented for past hurricanes . which have- well-
documented parameters and observed storm surges,

These runs indicate that the accuracy of .the mod-—

el is +20%Z when the huvricane is adequately. de-
scribed, In a forecast mode, the accuracy of:the

track will greatly influence the surge predic-

tion's accuracy.
1. INTRODUCTION

Storm sutrge 1is -an abnormal rise of water gene-
rated by a storm, over and above the predicted as-—
tronomical tide. For a hurricane, the surge typi-
cally has a duratlon of several hours and affects
about 100 mlles of coastline. Hurricane storm
surges of over .20 feet have _been oﬁserved;

hurricane -Camille in 1969  produced ‘a surge of
approximately 24 feet :in- the area of Gulfport,
Miss. The destruction caused by such abnormally
hlgh ‘water is truly astoundlng.

The National Weather Service's (NWS's) ‘problem,
of"bourse, is 'to forecast the surge height well
before a hurricane makes landfall. The forecast
lead time should exceed the time-required to evac-
uate people from vulnerable low-lying coastal re-
gions to areas of safety. The NWS has this re-
sponsibility for  any intensity hurricane which
may affect its coastline.

Two general approaches can be used to forecast

" hurricane storm surges—~statlstlcal modellng and

numerical modeling. In statistical modeling,
past observaticons of storm surge heights are cor-
related statistically to.observed or forecast hur—
ricane characteristics. However, . since hurri-
canes are relatively uncommon -and are small scale
in nature (compared -to  synoptic meteorological
phenomena), insufficient data exist to allow such

‘statistical correlations to be derived.

Numerical, or computer modeling offers a via—
ble alternatlve to statistical modeling for the
hurricane storm surge problem. In computer model-
ing of storm surges, a set of differential equa-
tions describing fluid motion and surge height is
represented in finite-difference form and applied
to .a grid-mesh coverlng the forecast area. These
flnlte—dlfference equatlons ‘are marched forward
in rtime in small time-steps, starting from a set
of initlal water~level ‘conditions. Since a fi-
nite domain 1is  used to .cover the forecast area,
boundary values must be imposed along the edges
of - the .domain. In the case of storm surge fore-
casting, a set. of "driving” forces must be specif-
ied . to represent the ‘surface wind stress and a
pressure .gradient body force. In modeling terms,
such -numerical models are referred to as "diagnos-
tic” models (in contrast to true "forecast” mod-
els) because they do not forecast a hurricane's
movement nor its intensity- and radlus. The storm
surge 'model dlagnoses the ‘storm surge hieights
when glven the hurrlcane s track and storm chara-
cteristics.



Surge modeling is an art, Modelers must decide

which finite-difference scheme to use, What physi-

cal processes can be dropped from the equations
of -motion, how to 1ncorporate any sub-grid scale
features into the moedel, hoWw to incorporate a
wind model for supplying the driv1ng forces, and
how to preseat & final display of. the surge fore-
cast. The modeler must keep foremost in mind the
final use of the medel and the computei system

‘that the model will run on, since a myriad of pos-

sible models can be develdped——each having sub-
stantial differences and used for different pur-
poses. o

The NWS began +dts efforts in'hﬁrricané?qtorm
surge modeling with -a relatively :simple model
referred to -as” SPLASH--the Special Program to

‘List the Amplitudes of Surges from Hurricanes.
This model like several other 51mp1e models for

chputlng . storm surge, was restr;cted'to ‘a conki~-

‘nental shelf only, with the coastline acting as

an artificial vertical wall. No :-flow through the
wall is permitted. Such ‘a niodel can not consider
inundation across terrain or surges. across inland
water bodies (Jelesnianski, 19723 Wanstrath “et.
al., 1976}.. An -earlier- shelf model by Bcdlne
(1971) was ewven more restrlcted._ H;s model re-
quired computations carried, out on only one sea-
ward line * from the coast. Also, the storm track
was restricted to being nearly perpendicular to
the coast. ‘ S

The National Weather Service embarked on an ef-
fort to develop a more comprehen51ve model to
forecast storm surges Whlch incorporated features
not possible with SPLASH.. This follow—on model,
called ' SLOSH, for Sea, L@ké and‘gyetiéhd‘§pfges
from Hurricanes, uses .a polar . grid systém to

allow greater resolution in theé. area of forecast
 interest, computes -surges ‘over bays and estuar-

ies,. retains some  non-linear Lerms- in the equa-
tions of motion, and allows sub-grid scale fea-
tures such as channels, . barriers,. and flow of
surge up Tivers., .The SLOSH model was created :to
run on NWS computers to make real- tlme, operation—
al forecasts of storm surge heights. CQutput from
the 5LOSH model was originally . intended te aid
forecasters at the NWS's National Hurr1cane Cen-—
ter in preparing their forecast bulleting. - More
recently, the mnodel has) been .used to dellneate
coastal areas susceptible to hurrlcaner Storm
surge flooding. ) -

A continuously varyiﬁg- polar grld System was
chosen for. the SLOSH model. Such a grid system

‘overcomes many ‘of the . problems associated with

specifying boundary conditioms _encountered with
earlier models.  Reid’ and Bodine {1968) " developed

a ‘surge -model for bays which was Timited to the

nearby offshore region ‘in shallow waters and a
small onshore region. Such models, limited to a
small region, force a boundary ' condition at a
region of significant . surge activity; e.g., in
shallow waters. In this case, boundary condi-~

tions are complex and wvary in -both -time and

space. i -

One way of prescribing such boundary values is
to  extract them from anopherj dynamic surge
model . A simple shelf model covering a large
basin with a coarse mesh (or even a one- dimen-

sional surge wmodel) 1s wused to - . compute input

boundary values for the limited-area, fine-mesh,
bay wmodel. If the two models are dynamlcally
uncoupled, then the approach can be troublesome,

The bay is not iancorporated in the shelf model,
and the computed input boundary values are then
suspect. !

The wuse. of coarse-mesh models with invariant
grid spacing is sometimes permissible to cover an
area extending from deep water to high inland
terrain, with a bay fully covered by the mesh.
Inland, the numerical seolution is coarse, but dy-
namic feedback effects from the bay onto the
shelf are approximated. A coarse mesh does not
give a detailed description of inland surges
across - terrain- complicated by obstructions and
small inland water bodies. However, it can give
adequate detail along opén coastlines. Only in a
gross sense can the inland surge distribution be
useful as a guide for forecasting or planning pur-—
poses. Such a model could supply boundary values
for a fine mesh, limited area surge model.

Instead - of limiting an invariant fine mesh to a
small region or small basin, the SLOSH model’s co~
ordinate system begins as a fine mesh in the
limited area-nearest the pole point and stretches
continuouslz to a coarse mesh at distant boundar-
ies of a large bagin.- The geographical area cov-
ered by the entire grid is large and there is de-
tailed .description over the fine-mesh region.
Moreover, in many cases, simple boundary condi-
tions are sufficient.  Such a procedure is not
limlted to a polar grid system, but can use any
simple, but” contimuous, grid transformation from

" real space oﬁto an image plane.

The SLOSH model dincorporates finite amplitude
effects but not advective terms in the equations
of wmotion.- " It . uses time-history bottom stress
(Platzman, 1963; Jelesnianski, 1967), corrected
for finite -amplitude effects. The grid system—
in Carteslan’ or'image space——1s a series.of two-
dimensional, -equal-area squares. Overtopping of
barrier systems; levees and roads, is incorporat-
ed. Also, inland inundation is permltted by sim—
ply turning squares on and . off as waters inundate
or recede. A few sub-grid size events, such as
flow through barrier.  gaps, adverse river flow,
and deep passes - between bodies of water, are
incorporated via simple” hydraulic procedures.
Normal river flow and railo.are not incorporated
at this tlme’ because ‘their pefiods are long and
aff?ct the transient surge in only a minor way.
River flow upstream_;cbhld be incorporated as a
boundary ‘condition, and rain as a “source", if
amenable to quantification with a forecasted
storm. Astronomical . tide is ignored except for
superposition - onto the computed surge; it is
difficult to - phdse storm landfall and astro-
nomical tide. - A small error ian time on track
positions. will  invalidate computations with
astronomical  tide. :

The ”cbmputed surge is designed to reproduce the
time-history - amplitude .of a long-period, long-

gravity wave. Short 'period phenomena~-such as
crests and troughs of wind waves, and their peri-
odic :"run-up”--are ignored. An, example of a

surge 1is a..smoothed. tide gage hydrograph or stage
record.  Any non-linear interactions on’ the surge
between ', the short-period, short-gravity, wind
waves are crudely approximated at best. The
surge does not break but does partially reflect
from the coast; the coastlines are not static and
move inland or recede seaward with the surge.
Wind waves riding atop the surge break near coastc-—
lines with severest action Jlimited to the




nearshore reglon. The superposition of a train
of short pericd waves on a high surge can be
destructive to. installations along coastlines),
especially so if offshore water depths are deep
or descend’ rapidly, and with breaking wave
activity now closer .to the original ‘coast.

In coastal regions, the action of breaking

waves -can create a quael~steady—state, long peri--

od "set-up” (if not a "set-down"”) whereby the un-

adulterated storm surge is altered. This wave ac—

tion can affect bottom stress in shallow waters.
Also, exotic effects occur such as an 1ncrease of
density from suspended sand = particles.  Along
coastal Tegions, '
storm and onset of fnundation, the totality of
wind-wave effects on the surge is not well under-
stood. or even well ' observed. Many theoretical

studies of an idealized and piecemeal nature, as

well as dideallzed wave tank experiments, have
been made. It is mnot sufficient to correct a
computed surge for one or more long term inter-
actions——based solely on guidance from theory or
experiment——if other remaining interactions tend
to  compensata. Accordingly, the SLOSH model
lumps the long term interactions into an ad hoc
generalized = calibration according to observed

surge data generated by a multitude of historicalr

storms; that is, the short term action from w1nd—
waves 1s absent but crude approx1mat10ns for the

long term effects may be present. The. SLOSH mod-
el does give an indication of inland flooding but

not the pulsating action of windwaves, such as
short term, ' '
Thus the model can not give perfect answers, but
the computed  results are useful for forecastlng
and for planning purposes.

Not ' to be lightly overlooked in surge modeling
is the almost insuyrmountable difficuliy of apply-
ing meteorologlcal dr1v1ng forces.- on a water
surface.
pressure -gradient body force. These must be des-
cribed in detail, in space and time, to compute-a
detalled descrlptlon of surges. A storm wind
model is just: as important——if not more so—-as a
surge model.

With SLOSH, .the vector field of driving forces
on a water surface, with respect to space and
time, are determined with a simplified wmodel
storm (Jelesnianski and Taylor, 1973)., To acti-
vate the storm model, simple meteorological param-
eters are wused; no wind input is required. . The

storm model balances surface forces, including

surface friction. JFriction coefficients must be
specified; these were ascertained empirically,
and thus are dot  physically justifiable.. They
were set in the model once and for all. Although
the wind speed computed by the storm model i5 sen-
sitive to the friction coefficients, the surge
generated by the surge model is not because:of
compensating effects. The storm model was not de—
- signed to accurately forecast surface winds, but
to form .4 wvector field of driving forces. The
simple, .storm input parameters {central pressure,

during  passage of a tropical.

periodic, sheet flow over barriers..

.The forces are the surface stress and a

‘operational/forecast runs,

..distance from storm center - to wmaximum winds,

storm track and speed - along track) must, of
course, be accurate. In the surge computatlons,
there are compensating effects ih surge genera-
tion when the-surface stress field;, via the com—
puted wind fleld, :is inaccurate due to erroneous
friction. Strong frictiom gives weaker winds but
more convergence .in the wind field, whereas weak
friction gives stronger winds but less conver-
gence in . the wind field. This bias desensitizes
the wind field for surge generation.

The same Surface stress formulat10n and accompa-

nying drag coefficient, as well as other undeter-

mined coefficients, -are "used in-both the shelf

model SPLASH (Jelesnianski, 1972) 'and the SLOSH
‘model. We use a constant drag coéefficieat, even

though it may well be.a function of storm, storm
track, - basin terraln, basia geometry, wind speed,

etc. We resist the temptation to treat -undeter-
mined coefficients. as  random or tuning parame-

‘ters, to be arbitrarily varied in a local region

for a historical storm event. .Such a procedure
will, of course, give an excellent comparison of
observed .and computed. surge for that one storm
event. However, there is no Buarauntee that the
same coefficidnts  will -do as well for alternate
storms and alternate regions. - Thete are large in-
herent errors, or noise; in both surge and meteo-
rological observations. Hence, determining coef-
ficient values from one-storm event is a danger-
ous . procedure. Sometimes ;he;ﬁfdeedure is called
calibration or tuning. We prefer, instead, more
generalized coefficients to . serve all storms in
ell regions, even if computed results are not

ddeal for a particular storm event.

-In the absence of suitable data to empirically
formulate a variable drag coefficient For surface
stress, -a constant was chosen by comparing ob-
served and computed surges for 43 historical
storms (Jelesnianski, 1972). The constant drag
coefficient is ‘presently used  to forecast  or
hindcast surges generated by all tropical storms
in a2ll basins, ‘

When comparing computed- results or models, the
calibration dependency: - needs to.be examined. Do
the . computed - values result -from a controlled,
local calibration for - a“ - gingle sterm event or
from a generalized calibration? If one storm is
used for calibration, it is suspect for
verification purposes..  Also, .are. the driving
forces computed directly from a storm wind model,
or derived from swoothed, ‘analyzed charts of
after-the—event observed winds?

The SLOSH model was designed for use in an
operational mode: - a forecast is  run without
recourse to a controlled,:local calibration or to
obsérved wiads. ‘The same.values; ‘or functions,
for undetermined coefficiénts in the equations of
motion, and the storm wind model, are.applied in
the same way for both hlnd51ght/ver1f1cat10n and
regardless of the
basin or storm used. '




- The SLOSH model must be adapted to a given geo-

graphical area . (the “basin™) before it can be
Tun. The basin accomnodates.some.or all of the
following: 1) idnland terrain, 2) inland water
bodies such as lakes, bays, and estuaries, and.3)
a segment of a continental shelf. .

Near the coastline, terrain is usually compli—
cated by humerous vertical obstructions such as

dunes, ridge 1lines, levees, = railroads, spoil
banks, and other barriers of long horizontal ex-
tent. Offshore, there may be barrier islaunds,
reefs, etc. These natural and man-made abutments
protect inland terrain against encroachment from
the sea. However, when an.offshore surge is high
enough to overtop barriers, then water.can pene-
trate inland until impeded by other barriers fur-

ther inland  or by naturally.rising terrain.- It
is. possible for a tropical storm to produce mas-
sive inundation across low lying-terrain for many
miles iniand.

Across 1inland terrain, there may be shallow or
deep water bodies such as lakes, bays, or estua-
ries. Deep channels may connect them te other wa-
ter bodies or the sea. An inland water body, far
.removed from the coast, can respond to storm driv-
ing forces and channel flow, even in the absence
of direct inundation from the sea.

To compute surges with a surge model and a con-
.structed input basin, complicated input boundary
values may be required as a function of time. An
exception 1is a basin for an isolated lake, uncon-
nected to and unaffected by events in any other
body of water.  Boundary inputs.can be partially
relaxed if a portiom of the basin's boundary lies
in deep waters, with the remaining portions .in
shallow waters or - on high terrain. Now, if the
core of a storm ecrosses {or éxits) the basin
through deep waters of a boundary, and-exits (or
crosses) through high terrain, then simple bound-
‘aty conditions may be adequate throughout.

Compited surge and wind were compared on Lake
Okeechobee, Florida, for .the 1949
date, this storm's time dependent surge and sur-—
face wind observations: are the most dense and
abundant in the world. For SLOSH model simuda-
tions in the Lake Okeechobee basin, & fine, in-
variant mesh of one-mile. spacing between surge
points was used. The basin area is smdll, barely
exceeding the lake area,. but does encompass all
surge activity. : : ‘

Comparisons of the computed surge for four his-
torical storms have been made with observed
surges on Lake Pontchartrain, Louisiana, the sur-
tounding inland. terrain,  the surrounding lakes,
and the nearby coasts aloag the Gulf of:Mexico.
A coarse mesh (4-mile .spacings between height
points) and a variable mesh (l-4 mile spacings)
were used, separately, for the storm events. The
basin - for -each mesh was large in area. In
_ general, the two computed surges varied little
‘with grid size, but there was more detail in the
fine grid region of the variable mesh.

Comparisons of the computed surge, for a vari-
able grid and a basin of large areal extent, were
made for Galveston Bay, Texas, and surrounding
terrain with observed surges generated by Hurri-
cane Carla, 1961, and the 1949 hurricane.

SEOrR. To.

Comparisons of computed and observed surges
have been made for several other basins not in-
cluded in this report; results are similar. Ba-
sin preparation and verification with historical
storms is an ongoing project in the National
Weather Service of NOAA. Improvements and tech-
niques in the SLOSH surge model are continually
evolving and being updated. ' Some of the material
in this report may already be out of date and
superseded. o :

2. THE EQUATTONS OF MOTION

a. The Equations of Motion on a Cartesian Frame
of Reference ' .

The transport  equations of motion on a
Cartesian frame of reference are derived in
Appendix A. These equations are:

- i(h~hg) 3(h-hg) ‘
5% - '8(D"*h)[3r Bt (a . ]+E(Arv+_AiU)+crxT'Cin
3 2(h-h_ > . 3(h~h,)
"% = -g{n+h)(}r v 2- 4 By = e }—f(AfU—AiVJ+CryT+Cixr
‘ ' (1)
A, _ 32U _ 3¥
t dx  dy
where
U,V = components of transport
g = = gravitational constant
D = depth of quiescent water relative
to a common datum
h - = height of water above datum
h0 = hydrostatic water height
f = {oriolis parameter
*r,¥¢r = components of surface stress
Ar"""ci = bottom ‘stress terms
These equations were developed by Platzman (1963)

and modified with a bottom slip coefficient by
Jelesnjanski (1967). They are presently designed
to  include a finite amplitude effect with D re-
placed by the instantaneous or total depth, D+h.
The friction terms A_r,....,Ci are functions
of the total depth: The equations are different
from those wused :in many other studies where
bottom stress ' ‘is of the Chezy or Manning type
(Chow, 1959). )

Advective
1975).

terms are ignored (Whitaker, et al.,
Depending on the Rossby number, the

Coriolis term can alsc be omitted for lakes and
inland inundation. However, this term is re-
tained in case surge amplitudes become extraordi-

narily. large in lakes or if inundation covers a
large inland area, (see Appendix B}.:

A horizontal viscosity term can also be in-

cluded. The effects of this term are small com-
pared to the effect of vertical viscosity. 1In
general, horizontal ‘viscosity has little effect

on- the surge. -However, it does partly ameliorate
computational waves of two grid lengths and can
be used for this purpose.

Much theoretical effort can be expended on the
equations of motion, computational methods, and
grid type when designing a surge model. These
are not the only—nor even main--themes for a




surge model, There are hidden demons.of omission In Egs. (1), we can also substitute the forms

and commission in the equations of motion  that A=A+ ia;, B =B + iB,, C=2¢ + ic; and
are enerall dealt with empirically. These de-
mons ghave az much to say about surge generation T= Tr+ lyT‘ The . flrSt two equations of (1) can
as any theoretical and computational aspects .of now be combined-into one equation in complex form,
the equations of motion. An example is the sur-— by u51ng Eg. (2),
face stress or meteorological driving forces.
Merely writing it down as "1 " and assuming an : -
outside arbiter will supply it is not realistic. ' , 3% = - g(D+h)2n %E; — ifAW 4+ T (&)
[¢ Z

A storm wind model must be used to generate the :

necessary: driving .. forces. It is just - as We can now consider a generai,“ conformal

difficult—if - not more .so—=to design a storm mod- - transformation as,
el as a surge model. Hidden in-"T" and the bot- ' -

tom stress  ‘are undetermined coefficients; these

are set empirically through comparisons of com=’ L = F(z) = P + iQ (5)
puted and observed meteorological and surge data

from a multitude of historical storm events, ‘dC do*

‘ where ™ ¢ " is analytic and” [,x" o, U, 1t is
The depths required by the model-~topography convenient to use the following identities,
over . land, bathymetry under seas, vertical bar-
riers and channels—=must be obtained and reduced
to a -common- datum. Compiling the depth data is 1 1
not a simple process; it requires the skill and Po=5lnic®) Q= EE{CfC%j 7
experienced artistry of a modeler familiar with ' ) ' :
the model and its requirements. 2 _ 8P g_ + ﬁg-ﬁ—
' S gz dz 3P g8z aQ
The equations of motion for a surge wave always - 14d L B Lod .
have some simplifications for computational conve-: =T g ettt g 21 dzlEte® )
nience; . they .are not complete for specialized '
nce; . _ : : -~ lar.s .3
phenomana such as weir flow, overtopping of x-5—4x@ﬁ ~ iz ) ‘
barriers, and onset or ebbing of inland inunda- 2 oF Q (6)
tion. Spec1al techniques or refurbishment of the
equations are rtequired to handle such special ™ ? = %{QEJ*(EM.+ ia_)
) . az* 2'dz 0P 30
situations. - . 7
b. The Equations of Motjon in an Arbitrary, a_ Eﬁ.gw.+ ?C* o - ﬁ_.+ g_m
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There - are computational benefits to traansform— . I = 5T GrE
ing the ‘equations of motion from their Cartesian
grid iato -a nonzCartesian grid system. Althdugh 3 1,9 B 35 1,3. . .3
the transformed: .equations appear more compli- g 75 - lﬁﬁo » FLFE T A 156)
cated, they have useful properties which can be :
exploited for economy in numerical computations. : ‘ N
: ; . ' : T _ Rearranging Eqs.(6) yields
It 1is convenient to vrewrite the equations of , ,
motion (1) with the hydrostatic. height; h_, oy 1 dz (3 2 ,(;)Cg_ Iy N = dc 3
absorbed in the stress terms Xg, Yp. - - with N ='§'d2[§z I TS 3;#} dz 3¢
the following identities: ‘
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where "*" denotes the complex conjugate, the and Eq. (4) becomes
third egquation din (1), the continuity equation, : .
becomes : - dC % ah - ean 4T
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, It is convenient to use the following form
or, :
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Then Eq. (8) becomes "
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In componeat form, Eq. ~(10) s _expressed -

as i = U + iV, Using Eq. (6) in Eq. (11)‘yields
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which :is the same format as the third equation of
(1), except for the Jacobian, \é£|2'

. . dz
Equation (9) can be rewritten as,
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since ia;i is independent of time.’ This can be
expressed . in component ferm as . '
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“ Notice that the stress terms are kept in their
original -Cartesian form for computational conve-
nience.’ ' ' -

Equations (13) and (12) are similar to Eq. (1)
" except for the Jacobian.|dg/dz{?in the’ :continuity
equation- {12), and the conjugate of the complex
magnification faector, (dc/dz)*; , in the stress
terms of momentum equations (13); the components
of Wy (U, 1), are given by Eq. (10). '

c. The:Equations of Motion on a Polar Frame of
Reference - . :

If the general transformation, Eq. (5), is
particularized by ‘

= In(z/Ry) = B + iQ = In(r/Ry) + i6  (l14)

where R is.a .- convenient scale, then we have a
stretched grid that dinecreases or magnifies with
T This is a particularly useful transformation
because the. ' Jacobian =~ of the transformation
depends on -6aly r, not 6, so that the stretching
can then .be controlled by RO.' From

de o1 opaie o dz)f
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and the equations of motion, (13) and (12) become
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The transformation Eq. (l4) maps a polar grid
onto an image plane, Fig. 1. The (P,Q)-system of
Fig. 1 1is non-dimensional. It is convenient to
set 4P =AQ = -5 This.assumption gives a set
of .equally spaced, mutually orthogonal lines. . To
do S0, suppose a- ‘circular arc of distance
As = R AB is chosen - on the circle Ro.
Suppose further there are points :

N = ...,—ﬂ,"n+l,.--.-.,—_1,0,1,2,----.,ﬂ,ﬂ+l,...-

on any ray from the origin of Fig. l, with R0
positioned at N = 0. Then at N = 0,

ap = 1n(Ry/Ry) - In(Ry/Ry) = ln(leRO).(l7)

Similarly,

AP = 1n(B, /Ry 1)s (18)

hence, for AP constant, the discrete circles are
then positioned with respect to the polar origin
at :

Rn = R—n—leAP = ROEHL\.P (19)

Since © P is non-dimensional, we choose AQ
where  A8eAg/R, is to be specified.

= AP= pp




When the transformed equations of motion (16)
are used with the (P,Q) grid on the-image plane,
Fig. 1, the computations are.only slightly differ—
ent .compared to the equations of motion (1) on a
Cartesian frame.
extra multiplication by the Jacobian; r2. " The
Jacobian .depends on r but not €, and can be pro-

grammed .as_.a  table, lookup at discrete. R points

with only 4. smalli- increase in computer. memory,

In .each -of the momentum equatioms of (L6), there s

are extra multiplications by, the components of

the complex magnification and -rotation factor
( cos-8, sin B) and one extra addltlon. o The

-harmonics: cos 8 and sin@8  are at dlscrete
intervals - on the . grid and similarly for r.at
distances ‘R son. a ray. Since the Varlables r
and . &

required for table lookups is mimor. The extra
computations  involved with Egq. (16) afe’minor
compared to the .total required.
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Figure 1. Transforming. an (R,B),uunequally spac-
ed polar grid in'the Z-Plane onto.an (P,Q), eq-
ually spaced, rectanmgular grid in the. -Plane.

For practical applications, a plane with polar
coordinates is placed tangent to the earth,.usual-
ly at the eantrance of a bay or estuary, ' The
earth is represented as a Clark ellipsoid and s
projected conformally onto the polar grid for geo-
graphical orientation. A pgrid distance As and
circle o©of radius R are pre-selected at , the
tangent peint; R “and
46 = As/R .. The ray direction. from the tangent
point to the origin of the polar grid is arbi-
trary, e.g., along the major axis of an estuary.
To maintain constant grid spacing in the image
plane,
is- compressed as one moves from the tangent point
to the:' pole and stretched when one moves imn the
opposite : direction. I
and monctonic variation of geographical spacing
on the polar grid. Placement and orientation of
the polar grid on the Clark ellipsoid allow the
area of fine grid mesh to cover: a particular area

"of interest. :

3. MODEL COEFFICIiENTS

The  final product of a surge model consists of
still-water, surge heights, with the short period
wind waves filtered cut. All subsidiary fields—-
such as internal currents, surface and bottom cur-
rents, _and surface stress——serve only as means to

The continuity- equation has -an

. bur  useful,

o P
are separated, the extra. computer memory'

A s determine AB throughf

the geographical spacing on the polar grld_‘
. marks are  inherently " inaccurate,

Thus, this is a continuous

that 'end; that is, surge computations., The surge
height, 1in general, 'is wmuch more conservative
than other fields. Hence, surge computations may
be adequate even though other computed fields may

'"have considerable. error, _ If  a surge ‘model is

used  with meteoroleglcal ioput parametere, and if
high. accuracy ifor". the surge computatlons is net
required, then -lt;lS possible to compute coarse,
surge ‘valdues for coastal and inland

regions..

In any surge model there are undetermined coef-
ficients which must be specified. For the SPLASH
and SLOSH surge models,“%hese_are:

Cp, the surfdce drag coeff1c1ent -
v, vertical eddy’ viscosity coefficient
-and s, bottom slip.coefficient. .

For the  storm wind model within. SLOSH, there are
additional undetermined'coeffieienps: :

ks’ wind friction coefficient din the
tangential directionm
and k n? wind friction coefficient in- the_
rddlal dlrectlon.,g

In addition, the SLOSH model has subsidiary
coefficients for non—linear channel flow and hori-
zoutal viscosity. . Other surge models may. use dif-
ferent physical approaches; with-dlternate types
of ‘coefficients——e.g., Mdnnlng or. Chezy friction
coefficients for bottom stress.. Other storm mod-
els may use different phy51cal;appfoaches, such
as an empirical decrease of gradient winds due to

friction and empirical or arbitrarily specified

inflow angles,

Extreme caution should be exercieed in specify-
ing such undetermined coefficients. Coefficient

‘values could be chosen to bring observations and

forecast surges into agreement for. cne storm
event : in a particular area. CThis approach is es-
pecially tempting if observed data_are limited.

~Such a practice - i$ particularly dangerous if

there are more unknown coefficients-than avail-
able data permits. There i{s no guarautee that
the same coefficients’ will hold for alternate
storms, storm tracks, or basins.

Measurements, of meteorqlogit&lIStorm parameters
and surge heights freguently: exhibit large er-
rors. "The character of a.sterm——strength and

size~—and its track are mot precisely koeown, even

from post-storm analysis. The qt111~water surge
height measured by .a Btilling gage is the most ac-
curate ' .surge measurement - available. High water
Although the
bUfVEYlﬁg procedures -for . measuring high water
marks inside buildings-are accurate, the stilliug
action of the bulldlnge -is questionabile; e.g.,

the .data are not necessarily still-water surge

heights- Any wmodel. -calibratlen for a single
storm, event may hide obbervaelonal errors within
the chosen coefficiént values.

To date there are insufficient, simultaneously-
observed data of storm parameters, storm track,
and surge heights to statlstlcally assemble pre-
cise values for the  unknown ceefficients, Nor
are there sufficient datd to .vary the coeffi-

<ients for feedback : eftects from local terraln,



changing storm parameters; or tidesv The SPLASH
and SLOSH procedures preset -values for some of
the coefficients, providing the resulting com—
puted surge is -insensitive or only 'mildly sen—
sitive to ‘ these coefficients. The' remaining
coefficients are set emplrlcally from comparlsons
of " computed - and-- observed surges,= whlle taklng
1nt0 account emplrlcal Sen51t1v1ty checks.

The storm frlctlon coeff1c1ents are arbltrarllz,

preset as
) k. = 1.15 k —~19—i§— T ‘f‘(zo)
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where R = radius of maximum‘ winds-in- stature

miles, V =maximum wind speed in mph for a
statibnary sterm, and @ = ] for -ocean winds, and
o= 4y22/R for lake winds. The maximui wind is
not an input parameter. Instead, it is computed

-from the storm's pressure drop, 4P, and size, R. -

Equation (20) is based on empirical studies of
many past hurricanes, but lacks a physical basis.
The resulting computed winds: frequently dlsagree
w1th observatlons.

The &torm friction coefficients were not de~
signed with any intention to . give an accurate
wind speed field; their design has’ conservative
properties ~ for ‘surge computations -with- the
 SPLASH/SLOSH equations of ‘motion, The storm wind
“model balances forces. Hene¢e, strong friction
gives weak winds with strong convergence (large
inflow across pressure Isobars), whereas weak
friction yields strong winds with weak  coo~
vergence of the wind field. These pfoperties
have - compensating effects on’ the surge. Although
large frictional :changes -give large changes for
the absolute surface stress or the computed. wind
speed, it does not mean large changes® for the com—
puted surge. The computed surge is only mildly
sensitive to Eg. (20). If storm forces are bal-

anced, it is not necessary to have an accurate.

maximum wind "valiue or wind W speed field for a
given storm.  However, it is necessary to accu-
rately ~specify storm parameters——the pressure
drop, storm size, and $torm track. =~ It is doabt-
ful that any present-day storm model can accu~
rately portray a ‘surface vector-wind field for
all -storms, for any geographical- area, w1th sim-
ple input storm parameters as input.

Classical boLtom stress formulationSA—éuch as
Manning: or Chezy-—are not used in the SPLASH and
SLOSH surge models except for sub-grid ° sized
phencmena, such as chaunnel flow. ~Instead, Ekman
formulations are used with invariant eddy.viscosi-
ty and slip -coefiicieats _for all storms and in
all geographical ~regions... With a fast moving
storm (»20 mph), empirical tests with.the-SPLASH
model generate a: storm surge (forced wave) that
is dinsensitive to large changes in bottom stress
coefficients. ‘ C :

If a fast-moving storm landfalls or fmoves. along-
shore, and if waters just offshore are deep or in-
termediate. in depth, then a surge model.néed not
include Dbottom¥ stress to couplite peak coastal
surges associated with the storm. -In some cases,
however, after passage of "an alongshore moving
storm, secondary, or free, waves are generated.
These waves are trapped between the nearshore
region and the coast, and are sensitive to bottom

‘Stress.
‘sensitive to bottom stress -and - the other part

" Such a two—part phenomena, one part in-

sensitive. to bottom stress, is used to empirical-

‘1ly  determine iapproxlmate values for the eddy and

slip coeff1c1ents.f

There were three historical, alongshore-moving
storms with adequate metedrological -and = surge
data for- such tests—Septembér 1944, Carol 1956,
and Donna 1960+ -’ Each generated a forced wave
during -its passage and free waves after its
passage. - A tide gage was opérative just offshore
at Atlantiec’ City, New Jersey' during and after
each --of these storm's-passage. All three storms
were traveling at - high ‘speed (>30 mph). The
waters just offshore are deep (>25 foot depths).
The SPLASH surge ‘model was tested with a preset

value of 3X1076J for . the _drag coefficient
Cp Paloy i» -with the coefficients of Eq. (20)

set in the storm model and with no bottom
Stress. ‘Results gave acceptable comparlsons
{within one foot) for the observed peak surges at
Atlantic City during storm passages. However,
the comparison with the free waves was

unacceptable. Tests .were then made with Cthe
addition of Thottom  stress and a no-slip

condition. A value: of 0.25 £t2/s for the edd